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Background: Welding processes emit fine and ultrafine aerosol particles which are potentially
harmful to the lungs of welders. In the past, changes in lung function were mostly determined
by conventional spirometry. In this study spirometry was combined with new techniques such
as Impulse Oscillometry (IOS) and Capnovolumetry (CVS) in order to assess welding associated
changes in lung function.
Methods: 45 Male welders and 24 non-welders were investigated at two time points: before
work shift (baseline) and after work shift.
Results: At baseline there were no differences between both study populations in spirometric,
IOS, and CVS parameters. However, parameters of the flowevolume curve decreased with
increasing long-term welding fume exposure (welding years). Airway resistances measured by
IOS increased with welding years. IOS central airway resistance and several parameters of CVS
increased during the work shift indicating airway narrowing andmore inhomogeneous ventilation.
Conclusions: In this study it has been shown that welding associated long-term and short-term
effects could be detected in a population of welders, although exposure conditions were quite
heterogeneous. The parameters of IOS and Capnovolumetry showed effects even more
pronounced than conventional lung function parameters. Thus, these techniques may be consid-
ered as an additional tool for occupational medicine research.
ª 2009 Elsevier Ltd. All rights reserved.41 8088059; fax: þ49 241 8082587.
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Lung function in welders 1351Introduction being used at the time of the study: shielded manual metalIn their daily work welders are exposed to various factors
which are relevant in the context of occupational medicine.
Among them are many chemical and physical burdens.
Depending on the welding technique and materials workers
are using, the chemical burdens may be metals like iron,
chromium, nickel, manganese, vanadium, aluminium and
many others which are released in the welding fume.
Additionally, various gases may be emitted such as carbon
monoxide, nitrogen oxides, and ozone. Other factors
include heat, noise, and ultraviolet light. Among the 150
different welding techniques, there are considerable
differences in the spectrum and concentrations of mate-
rials emitted with the welding fume and emitted gases that
lead to different health hazards for welders.1e3
Numerous epidemiological and animal studies addressing
health effects of welding fume indicate that welding is
associated with various adverse effects such as airway
irritations, bronchitis and pulmonary function changes e
however, the results are still contradictory2: there are
some indications that welding may be associated with
asthma4,5 and chronic bronchitis.6e8 Nevertheless, these
results were strongly dependent on welding conditions and
were confounded by a high incidence of smoking in the
welder population.9 Several studies have investigated the
effect of welding on welders’ lung function. These studies
indicate that welding has a limited effect on lung function
but in certain welders, who are susceptible or work in work
places with especially high exposure or poor ventilation,
impairment of lung function can be detected.10,11
Furthermore, it has been shown that changes in lung
function during a shift may be transient and normalize
within hours after exposure.12e15
However, in most of these studies only conventional
spirometric methods (lung volumes and flowevolume
curve) were used to assess lung function. Meanwhile several
sophisticated techniques to measure lung function are
available as commercial devices which are practical in field
studies and which may provide new insights in pulmonary
effects of welding fume. Such techniques are Impulse
Oscillometry (IOS), a technique which allows assessing
respiratory impedance of the lung/thorax system during
normal unforced tidal breathing,16e18 and Capnovolumetry
(CVS), in which the concentration profile of exhaled CO2 is
used to evaluate lung ventilation.
In this study, Impulse Oscillometry and Capnovolumetry
were used to investigate lung function in 45 welders and 24
non-welders at two different times, Friday pre-shift and
post-shift, in order to assess differences in lung function
between the study groups and changes in lung function
during a working day. Additionally conventional lung func-
tion tests (spirometry, flowevolume curve) were performed.
Methods
Subjects
Forty-five male welders and 24 male non-exposed control
subjects were included in the study. Welders were included
in the study if one of the following welding processes wasarc welding (MMA), gas metal arc welding with CO2 (MAG-C)
or with gas mixture (i.e. Argon and CO2) (MAG-M), tungsten
inert gas welding (TIG), and metal inert gas welding (MIG),
if their usual daily welding time was about 8 h, and if they
gave informed written consent. The 45 recruited welders
were divided in subgroups according to the welding tech-
niques they used predominantly. Eleven welders mainly
used the MIG welding, 13 welders TIG, 10 welders MAG-M, 4
welders MAC-C, and only 2 welders MMA. The predominant
welding technique was coded by a numerical predominant
welding technique index. Similarly, the company affiliation
was coded by a company affiliation index. Five welders had
had welding fume exposure in the past but were not under
exposure at the time this study was conducted. These
subjects were classified as welders but without current
exposure (weekly exposureZ 0, Friday exposureZ 0,
predominant welding techniqueZ control).
The exposure of welders to welding fume and the
exposure of the control group and welders to cigarette
smoke were quantified by anamnesis: subjects were asked
for the lifetime smoking time and average cigarette
consumption. To confirm smoking status, cotinine level was
assessed in urine. Lifetime welding exposure was quantified
by ‘‘welding years’’ giving the total years of prevailing
welding activity. Furthermore, exposure within the study
week was quantified by the number of welding hours in the
week before the first examination (weekly exposure) and by
the number of welding hours on the study day (Friday
exposure).
The control group consisted of 24 healthy adult males
without any history of lung disease and no welding fume
exposure. The control subjects were either employees of
the university hospital or employees of the participating
companies.
Table 1 summarizes the demographic data and baseline
lung function values of the study population.
The protocol of the study was approved by the ethics
committee of the medical school of RWTH Aachen Univer-
sity. Informed written consent was obtained from each
subject prior to inclusion.
Study design
The study was performed at the work places of 8 different
small- and middle-sized companies. The study protocol
included a questionnaire, Impulse Oscillometry, forced
Spirometry, and Capnovolumetry within a time period of
30e40 min at two times within work time: Friday pre-shift
[T1] (baseline) and after 8 h of work at the end of the same
shift [T2]. Since lung function values can be influenced by
previous deep inhalations,19,20 the order of measurements
was kept constant (Impulse Oscillometry, forced Spirom-
etry, Capnovolumetry).
Spirometry
Spirometric parameters and parameters of the flowevolume
curve were assessed using a commercial device (VIASYS
Healthcare GmbH, MasterScreen, Hoechberg, Germany).
Spirometric data were derived from a manoeuvre sequence
incorporating a slow deep exhalation, maximal inhalation,
Table 1 Anthropometric and baseline lung function data of the study population (wZwelders, non-wZ non-welders, std.
dev.Z standard deviation, IQRZ interquartile range, PYZ pack-years, nZ never smoker, sZ smoker, exZ ex-smoker).
Parameter Unit Group Mean Median Std. dev IQR Min Max
Number Non-w 24
w 45
Age Years Non-w 40.04 41 8.63 13 24 54
w 41.76 43 8.52 14 20 57
Height cm Non-w 178 176.78 6.15 9.75 170 190
w 179.04 179 6.59 9 162 197
Weight kg Non-w 89 85 16.21 26 68 126
w 87.49 87 12.75 15 61 140
Smoking Non-w 10n/6s/8ex
w 16n/21s/8ex
PY Non-w 7.74 1.75 10.36 15 0 32.5
w 10.81 5.1 14.37 19.5 0 60
Cotinine mg/L Non-w 277.13 9 600 23.5 2 1830
w 664.79 29.5 914 1630 1 2786
FEV1 L Non-w 4.24 4.18 0.64 1.03 3.09 5.7
w 4.33 4.35 0.85 1.09 3.01 6.3
FEV1%pred Non-w 104.51 106.86 12.87 14.32 81.54 129.81
w 108.23 106.45 17.57 21.07 74.97 152.08
FVC L Non-w 5.45 5.54 0.96 1.71 4.03 7.41
w 5.54 5.49 1.02 1.13 3.75 8.52
FVC%pred Non-w 110 113.78 14.69 24.28 79.63 133.55
w 113.2 110.09 16.29 13.79 80.58 157.38
Welding years Non-w 0 0 0 0 0 0
w 20.23 20 9.97 15 4 44
1352 M. Gube et al.and forced exhalation. This manoeuvre was performed
according to the ATS criteria.21 The following parameters
were assessed: forced vital capacity (FVC), peak expiratory
flow (PEF), forced expiratory volume in one second (FEV1),
and maximal expiratory flow-rates at 25, 50 and 75% of the
inspiratory vital capacity (MEF25, MEF50, MEF75). Measured
lung function parameters were normalized to the reference
values proposed by the European Community for Coal and
Steel.22
Impulse Oscillometry
Impulse Oscillometry is popular in Europe especially in
paediatrics since this technique does not require forced
manoeuvres and is less effort dependent than conventional
Spirometry. During normal tidal breathing simple normal
breathing, the IOS device superimposes small pressure
impulses on the respiratory airflow of the subject. The flow
response of the respiratory system to these pressure
impulses is recorded and analysed providing data on the
respiratory impedance of the lung/thorax system. From
these complex data, information about airway resistance
and lung reactance can be derived.
Impulse oscillometric measurements were performed
using the MasterScreen IOS device (VIASYS HealthcareGmbH, Hoechberg, Germany). Every measurement incor-
porated approximately 5 cycles of tidal breathing. The
following parameters were assessed: total airway resis-
tance at 5 Hz (R5), proximal airway resistance at 20 Hz
(R20), lung reactance at 5 Hz (X5), lung reactance at 20 Hz
(X20), resonant frequency of the respiratory system (Fres),
and respiratory impedance of the respiratory system at 5 Hz
(Z5). If a simple 7-element lung model according to Mead23
is applied, further structural parameters can be derived
mathematically: central airway resistance (Rc), and
peripheral airway resistance (Rp). The central resistance
(Rc) incorporates the resistance of the conducting airways,
the upper airway tract and also the resistive component of
the chest wall, which usually can be neglected.
Capnovolumetry
With the capnovolumetric technique, CO2 concentration
pattern of the exhaled breath is measured as a function of
exhaled volume. This concentration profile (capnogram)
shows usually 4 phases in case a single breath VC-
manoeuvre is performed; for tidal breathing analysis only
the first 3 phases appear (Fig. 1): phase 1 (S1), the begin of
exhalation, represents the functional dead space with
rather low CO2 concentration, phase 2 (S2), the mixing
Figure 1 Schematics of the different phases of a CO2-
expirogram.
Figure 2 Relation between FEV1 relative to the reference
value as a function of the total welding years of the subjects at
time point 1 (Friday pre-shift).
Lung function in welders 1353phase represents a fast increase of CO2 concentration,
phase 3 (S3) represents the alveolar plateau with typically
low increase of CO2 concentration and phase 4 (S4) the
closing volume which is characterised by a further and
steeper increase of CO2 concentration. The volumes of
these phases are influenced by ventilatory and structural
disturbances or inhomogeneities of the respiratory tract.
Capnography was measured using the MasterScreen
Capno device (VIASYS Healthcare GmbH, Hoechberg,
Germany). After a minimum of 5 regular cycles of tidal
breathing, recorded and stored with the SVC device,
subjects were asked to perform the so-called emphysema
diagnostics.24,25 This diagnostic test required the subjects
to increase their inhaled volume, breath by breath, until
they reached TLC in about 3e4 breathing cycles. The FRC-
level remained constant. Afterwards the inhaled volume
was decreased stepwise until normal tidal breathing was
reached again. This procedure was repeated 2 times. The
following parameters were assessed: area below CO2-
concentrationevolume curve (A0), which represents the
total amount of exhaled CO2, area above CO2-concen-
trationevolume curve (A1), mixing volume between 25%
and 50% of the maximal CO2 concentration (Vm25e50%),
slope of phase 2 (dC2/dV), slope of phase 3 (dC3/dV).
Ambient monitoring
Aerosol mass concentrations and gas concentrations at the
different work places were spot-checked during the work
shift on Friday. Gravimetrical measurements of the aerosol
mass concentration were performed during about 2 h using
fibre glass filters and sampling heads for inspirable dust and
dust inhalable into the alveolar region (according to EN ISO
10882-1). Concentrations of gaseous NO2, CO2, CO, andozone were assessed using Dra¨ger tubes (Dra¨gerwerk AG &
Co. KGaA, Lu¨beck, Germany). Both, aerosol and gas
samples were collected close to the heads of randomly
selected workers.
Statistics
All statistical analyses were performed using the SPSS
software (Version 15.0.1).
Differences between both study groups at time T1 were
assessed by calculating an analysis of variance with the
different lung function parameters as dependent variables
and the study group as an independent factor, separately
for both time points (NPAR TESTS).
In order to investigate the relation between the various
lung function endpoints at time T1 and parameters quanti-
fying exposure to cigarette and welding smoke, an analysis
of variance was calculated with the various lung function
parameters as dependent parameters and company affilia-
tion index and predominant welding technique index as
nominal factors and cigarette pack-years, cotinine level,
welding years, weekly welding exposure (hours), and weld-
ing exposure (hours) on Friday as metric covariates
(UNIANOVA).
In order to assess the acute effect of a welding work
shift, change in lung function during a shift was quantified
by the differences between the post-shift and pre-shift
values of each lung function parameter on Friday for the
welders sub-population. A Student-t test was used to test
the hypothesis that these differences were equal to 0 (T-
TEST). These statistical techniques assume that the data
are normally distributed.
Results
At baseline (T1), there were no statistically significant
differences between welders and non-welders in spiro-
metric, impulse oscillometric, and capnovolumetric
parameters.
Analysis of variance showed that at time T1, FEV1%pred
(Fig. 2), MEF75%pred, FVC%pred, and FEV1%FVC were
Table 2 Statistically significant dependency of the
parameters under consideration from different exposure
related parameter as derived from analysis of variance. r2 is
the coefficient of determination for the entire analysis of
variance model. p is the significance level for the respective
parameter.
Parameter Dependent on r2 p
FEV1%pred Welding years 0.56 0.018
FVC%pred Welding years 0.57 0.042
MEF75%pred Welding years 0.58 0.024
FEV15FVC Welding years 0.66 0.037
R5 Welding years 0.58 0.002
R20 Welding years 0.63 0.008
X5 Welding years 0.44 0.008
Fres Welding years 0.46 0.007
Z5 Welding years 0.53 0.002
A0 Pack years 0.51 0.004
Slope of phase 3 Pack years 0.42 0.027
Table 3 Statistically significant differences between the
pre-shift and post-shift values.
Parameter Change p
Rc 0.023 kPa s L1 0.027
Slope of phase 2 0.0054 %CO2/L 0.027
Slope of phase 3 0.336 %CO2/L 0.003
A0 5.88 mL 0.004
A1 1.09 mL 0.025
p is the significance level.
1354 M. Gube et al.significantly dependent on the number of welding years
(Table 2): these parameters decreased slightly with
increasing cumulative welding time.
The impulse oscillometric parameters resistance at 5 Hz
and 20 Hz (R5 and R20) increased significantly with
increasing welding years (Fig. 3). Furthermore, lung reac-
tance X5 decreased, and resonant frequency (Fres) and
respiratory impedance Z5 increased with welding years
(Table 2).
Parameters of Capnovolumetry were not dependent on
exposure related factors.
Some lung function parameters were dependent on the
subject’s cigarette consumption: A0 (pZ 0.004) and the
slope of phase 3 of the Capnogram increased with PY
(pZ 0.027).
The following differences in the parameters between
post-shift and pre-shift values were statistically different
from Zero (Table 3): difference of IOS central resistance
(Rc e Fig. 4), slopes of the capnogram phases 2 and 3, andFigure 3 Relation between IOS total airway resistance at
5 Hz as a function of the total welding years of the subjects at
time point 1 (Friday pre-shift).areas A0 (Fig. 5), and A1 were in average positive, indi-
cating a higher after-shift value as compared to pre-shift.
For non-welders no statistically significant differences
between pre-shift and post-shift lung function were
observed.
At the various work places under investigation, the
median inspirable dust concentration was 4.9 mg/m3 (0.1e
9.6 mg/m3) and the concentration of dust inhalable into the
alveolar region was in median 0.7 mg/m3 (0e2.2 mg/m3).
The ozone concentration was between 0.05 ppm and
2.5 ppm (median 0.15 ppm), the NO2 concentration
between 0.1 ppm and 2 ppm (median 0.5 ppm), the CO2
concentration between 0.02% and 0.04%, and the CO
concentration in median below 2 ppm (range: <2 ppm and
40 ppm).
Discussion
In this study, impulse oscillometric, capnovolumetric and
spirometric lung function were assessed in a population of
male welders and non-welders at two different times: pre-
work shift and post-work shift. The goal of the study was to
determine if there were differences in the various lung
function parameters between the two groups of subjectsFigure 4 Difference in IOS central airway resistance
between time point 2 (Friday post-shift) and time point 1
(Friday pre-shift).
Figure 5 Difference in the area under the capnogram
between time point 2 (Friday post-shift) and time point 1
(Friday pre-shift).
Lung function in welders 1355and if there was a change in lung function during the work
shift on Friday. Additionally, the study investigated
whether there were a relationship between the lung func-
tion parameters at baseline and the parameters describing
the nature and extent of exposure.
Although there were no statistically relevant differences
between the two groups, it has been shown that welding is
associated with changes in lung function: lung function
worsened with increasing welding fume exposure time even
when smoking habits were taken into account. However,
with the conventional spirometric parameters these
changes were small (Fig. 2). In general, the parameters of
Impulse Oscillometry showed more pronounced effects
(Fig. 3) as compared to spirometry. During the work shift
only the IOS central airway resistance (Rc) and the areas
under and above the capnogram (A0, A1) and the slopes of
phases 2 and 3 were altered.
The high sensitivity of IOS has already been shown in
various other studies, especially studies focusing on bron-
chial challenge testing.17,18,26e30 The fact that impulse
oscillometric parameters are especially sensitive in the
field of bronchial challenging indicates that this technique
reflects even minimal constrictions of proximal airways.
That the IOS central airway resistance (Rc) increased
significantly during a work shift, indicates that welding
may, similar to unspecific bronchial challenging, be
responsible for transient proximal airway constrictions.
However, it must be kept in mind that this increase of
airway resistance during a work shift was small (Rc increase
in average 0.02 kPa s L1). In particular, the IOS technique
is interesting for occupational medicine since this tech-
nique does not require forced breathing manoeuvres and is
therefore effort independent. If the data are compared
with the respective reference values,22 the high sensitivity
of the IOS parameters R5 and R20 is reflected by the
frequency of abnormal findings at baseline lung functionmeasurement: in the non-welder population 2 subjects
showed abnormal FEV1 whereas 9 subjects showed
abnormal R5, and 5 subjects increased R20 values. In the
welder population, 3 subjects showed abnormal FEV1, but
as many as 19 subjects showed increased R5, and 13
subjects increased R20 values. These results indicate that
in the welders’ population with a high fine particle expo-
sure, abnormal values of IOS parameters are, in contrast to
conventional lung function parameters, more abundant
than in the non-welders’ population. Although little is
known about the specificity of IOS, these data nevertheless
suggest that IOS may be an interesting technique in order to
detect low-level changes in lung function in occupational
medicine studies. It may be inferred that the higher
sensitivity of IOS, as compared to spirometry, may be due
to the fact that IOS measurements are performed during
tidal breathing whereas the flow volume curve is measured
at deep inspiration where even constricted airways may be
dilated.
Capnovolumetry has shown in the past to be a sensitive
indicator of lung emphysema due to ventilatory inhomo-
geneities caused by the loss of lung elasticity31,32 or the
increase of peripheral obstruction. In this study, parame-
ters of Capnovolumetry changed during the working shift:
the areas below and above the Capnogram as well as the
slopes of phases 2 and 3 increased during the working shift
indicating a more inhomogeneous ventilation.
However, this study confirms the findings of previous
studies that welding causes small but significant impair-
ment of lung function, both on a long-term time scale and
during a single work shift. The pattern of findings indicates
that welding may be responsible for airway obstruction and
lung hyperinflation, even during a single work shift.
One aspect that should be taken into account when
interpreting the results of this study is the fact that the
reference group, which consisted of employees of the
university hospital and the participating companies, came
from a different socio-economic background than the
welders. However, the main results of this study were
found within the welders’ population so that this mismatch
of the populations may be considered as less important.
Lung function studies in the field of occupational medi-
cine are generally hindered by the fact that lung function
parameters show a considerable circardian variation.
Usually airway caliber and maximal flow rates are highest
between noon and afternoon and lowest between midnight
and early morning.33e35 Work related decreases in lung
function during a usual daytime working shift may be
masked by this increase in lung function due to the cir-
cardian variation. However, the results for the reference
subjects, who showed no significant change in function
parameters during the shift, indicate that in this study
a circardian variation of lung function seems to be negli-
gible. This is presumably due to the time points of the
measurements at early morning and late afternoon.
Parallel measurements of work place aerosol concen-
trations during the study period, using gravimetric tech-
niques, showed that fine particle concentrations at the
various work places were quite heterogeneous ranging from
0 mg/m3 to about 2 mg/m3. However, these data were not
sufficient to assess the individual exposure of each partic-
ipant of the study. Furthermore, subjects often used
1356 M. Gube et al.various different welding techniques during a work shift
including those with the highest welding fume emission
(MMA) and those with lowest (TIG) which caused a consid-
erable heterogeneity of the exposure conditions. In addi-
tion, exposure times of the subjects varied. The total
welding time on Friday, for example, ranged from 30 min to
8 h. In order to overcome these inconsistencies in occupa-
tional field studies, the lung function techniques used in
this study should be applied in controlled welding fume
exposure studies where exposure conditions are standard-
ized by (1) using only one welding technique at a time, (2)
by keeping emissions constant, (3) by measuring the actual
fine particle burden the subjects are exposed to, and (4) by
controlling exposure times for each subjects. Under these
controlled conditions, the heterogeneity of results con-
cerning health effects of welding fume exposure may be
mitigated. However, such studies cannot be performed at
work places but have to be done in the laboratory.Conclusions
In this study it has been shown that welding associated
long-term and short-term effects could be detected in
a population of welders, although the exposure conditions
were quite heterogeneous. The results also showed that the
parameters of IOS showed effects even more pronounced
than conventional lung function parameters. Thus, this
technique may be considered as an additional tool for
occupational medicine research.Conflict of interest statement
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